ABSTRACT: Very High Strength Steels (VHSS) with nominal strengths up to 1100 MPa have been available on the market for many years. However, the use of these steels in the civil engineering industry is still uncommon, due to lack of design and fabrication knowledge and therefore limited inclusion in codes. Moreover, in a fatigue loaded VHSS structure absolute and relative stress variation will be higher compared to stresses in structures made of lower grade steels. According to current design codes the fatigue strength of welded connections mainly depends on the applied detail, plate thickness and machining condition, not on steel grade. Recently experiments on plates made of S690 and S1100, with and without transverse butt welds, have been performed in order to study the fatigue strength. Test results show that the characteristic fatigue strengths of plates with and without transverse butt weld lay well above the values according to EN 1993-1-9, mainly because of higher slope of the S-N curves. Crack initiation phase of S1100 specimens is relatively long compared to S690 specimens, while crack propagation is relatively short. An efficient application of VHSS in welded connections requires high fabrication quality and avoidance of large stress concentration in joints.
INTRODUCTION
Very high strength steels (VHSS) have been made available by the steel industry for many years. However, VHSS are still rarely used by manufactures in the field of civil engineering, due to lack of adequate design and fabrication rules for these steels. Table 1 shows examples and typical application of regular structural steel, conventional high strength steel and very high strength steel.
Background VHSS
Potential advantages by using VHSS are evident. The use would lead to high performance products with, for example, slender and more aesthetic appearance because of reduced cross section and plate thickness. The weights and volumes of structures would be significantly reduced, resulting in novel design possibilities as well as savings in production costs of transportation and erection. Moreover smaller sizes of structures would lead to smaller weld volumes and reduced consumption of welding consumables. Finally, the ecological balance, both for production and application of the high strength steels would be improved by reduction of material, energy consumption and associated pollution.
The emphasis of the current research is laid on the high strength quenched and tempered steels with yield strengths of 690 MPa up to 1100 MPa. These steels obtain their properties through careful control of chemical composition together with appropriate heat treatment including a rapid water quench from 900ºC to room temperature followed by tempering, to form a fine grained martensitic microstructure [1] . The low alloyed VHSS are still good weldable steels. VHSS material is scarce due to lack of demand for components made of these relatively new materials. Several European steel manufacturers make VHSS plate material with yield strength up to 1100 MPa and plate thickness up to 40 mm. Hot rolled beam cross sections are only available up to 460 yield strength. Circular hollow sections (CHS) are available in yield strength up to 890 MPa and rectangular hollow sections (RHS) up to yield strength of 700 MPa. Table 2 summarises various steel types of plate material, CHS and RHS. Particularly in the civil engineering world design and fabrication rules need to be developed to enable a rising demand for VHSS. In the crane industry, where reduction of material directly influences the structural performance, S690 is already regarded as the standard steel grade, while plates up to strengths of S1100 are more and more daily practice.
High strength steels were initially excluded from the European steel design code Eurocode 3, by limiting the scope to specified yield strengths up to 355 MPa only and by limiting the strength yield ratio f u /f y ≥ 1,2. Annex D to ENV-Eurocode 3 has been the door opener for the use of conventional high strength steels (CHSS) with yield strength of 420 MPa to 460 MPa without needing particular technical approvals. Later on, the use of high strength steel up to S690 is allowed by the following part of Eurocode 3: Design of steel structures, Part 1.12 : Additional rules for the extension of EN 1993 to steel grade S700 [2] . Crane code NPR-CEN/TS 13001-3-1 [3] is applicable to design of crane structures with high strength steel grades up to 960 MPa yield strength. Three governing design conditions should be fulfilled making use of VHSS in civil engineering structures the most efficient way: 1) VHSS should preferably be designed for lattice structures. Otherwise displacement might be the governing design criterion while not utilising the full material strength of VHSS; 2) In statically loaded structures attention should be paid to deformation capacity of joints, as yield to tensile ratio of VHSS may be close to 1; 3) In fatigue loaded structures use of joints with high stress concentrations should be avoided, whilst choosing high class details and high fabrication quality is required.
The nominal stress in a VHSS structure is usually higher than in a structure made from lower grade steels and stresses due to self weight will be lower. In absolute and relative terms this will lead to higher stress variation due to the variable load. Therefore particularly in fatigue loaded structures, a large part of all civil engineering structures, for instance bridges and offshore structures with a high number of stress cycles during their lifetime, the benefits of using VHSS are questionable if the structural design entirely depends on the fatigue strength.
In 2006 TU Delft initiated the research project 'Very High Strength Steels for Structural Applications' which will investigate possibilities for future application of these steels in the field of civil engineering. The main objective of the project is to supply the steel construction industry with information relevant for the design and fabrication of VHSS structures. The research work comprises an experimental and numerical study on the fatigue resistance of welded VHSS connections. The current paper presents the first research phase, an experimental study on the fatigue strength of plates made of S690 and S1100 with and without transverse butt welds [4, 5] .
Literature Review
Gurney [16] concluded that the higher the yield strength of base materials the more sensitive the fatigue strength of the material becomes to both the presence of notches and to the surface condition. In case of low notch values (K t ≈ 1) notch sensitivity of high strength steel fatigue strength is minimized. Most literature data show a linear relation between tensile or yield strength and base material fatigue strength [16, 17] . The mean fatigue strength is expressed as an endurable stress range at a particular number of cycles Δσ mean . In most cases this number of cycles is taken as 2*10 6 resulting in the Δσ mean;2*10 6.
In welded VHSS structures the fatigue strength is said to be equal to lower strength steels because in VHSS micro cracks are already present due to welding, while crack propagation depends on stress range, being independent of yield strength [16, 17, 18] . Hübner [19] investigated the fatigue strength of S960 and gives experimental results on as-rolled base material. In Figure 2 a comparison of the Δσ mean;2*10 6 is given for plain machined specimens, millscale, as-rolled specimens and transverse butt welds, as a function of the tensile strength R m . It shows, the more the geometry and surface condition degrade, the less effective a higher R m will be on the fatigue strength. Wellinger and Dietmann [20] describe the influence of surface roughness on fatigue strength, by relating the ultimate tensile strength of the base material to the surface roughness depth. In case of high surface roughness depth, i.e. as-rolled specimens, the relative reduction in fatigue strength increases with ultimate tensile strength of the steel. The better the surface treatment, i.e. grinding or polishing, the better the relative fatigue strength of the higher strength steels will be compared to regular steels. In practice however machining critical details is time consuming, especially for large structures. The German steel journal Stahlbau pays special attention to research on high strength steel in [7, 8, 9] . A research project relating to the fatigue classification of high strength steel is the project 'Efficient Lifting Equipment with Extra High Strength Steel' (LIFTHIGH), initiated by the ECSC [8] . The main research topic is the fatigue behaviour of welded high strength steel details (σ y <1100 MPa). Results show that in case of specimens with low stress concentration the use of high strength steel may result in higher fatigue strength compared to regular steel connections.
In [10] the use of high strength steel in crane structures is discussed. The paper shows fatigue results on base materials, welded and post weld treated joints of S355, S690 and S960. In the project 'Effizienter Stahlbau aus höherfesten Stählen unter Ermüdungsbeanspruchung' initiated by the Arbeitsgemeinschaft industrieller Forschungsvereinigungen 'Otto von Guericke' (AiF), the University of Stuttgart, Bauhaus University of Weimar and the Fachhochschule München, emphasis is laid on the use of weld improvement techniques for high strength steel connections [11] . According to [11] use of ultrasonic peening may increase the characteristic fatigue strength at 2 million cycles of welded transverse stiffners made of S460 with 40 up to 100%. Ultrasonic peening proves to be even more effective at stiffners made of S690.
Compared to other welded details described in codes, the transverse butt weld detail has a relatively high fatigue classification. The design fatigue curve of EN 1993-1-9 [12] is only valid if the geometry of the welded detail is valid by the requirements for execution of steel work according to prEN 1090-2 [13] , which includes hot-rolled, structural steel products up to S960. The S1100 steel is thus out of the scope of this code. According to EN 1993-1-9 [12] the fatigue design strength at 2 million cycles of a transverse butt weld detail, see Figure 1 , is 90 MPa. The following criteria account for this detail class: transverse splices in plates or flats; weld run-on and run-off pieces to be used and subsequently removed; plate edges to be ground flush in the direction of stress; welded from both sides in flat position; NDT applied. For the Eurocode classification a background document is available. According to crane code CEN/TS 13001-3-1 [3] the fatigue strength of a quality C butt weld is 140 MPa. Backgrounds on the classification of the details in the crane code are not known to the authors. Demofonti et al [14] performed axial fatigue tests on plates with 10 mm transverse butt welds made of S355 up to S960. In the investigation no significant strength differences under constant amplitude loading were found in favor of use of higher steel strengths, although advantages for the S960 steel could be noticed in case of variable amplitude loading. Machining of welds, in order to achieve low notch factors is found to give an advantage for high-strength steels.
Bergers et al. [9] performed fatigue experiments on various 6-8 mm plate V-shaped butt weld connections made of S690, S960 and S1100. For all steel grades the characteristic fatigue strength values lay above the values of EN 1993-1-9 [12] Resulting S-N curves show a slope m = 5 for S1100, which is higher than the value of m = 3 used in the design codes suitable for lower strength steels.
In Figure 2 the results of [9, 14, 16, 17] are presented as Δσ mean;2*10 6 as a function of R m . 
TEST SETUP AND SPECIMEN SPECIFICATIONS
Tensile and fatigue tests have been performed at the Stevin Laboratory of the Delft University of Technology using a 600 kN dynamic servo hydraulic test rig, see Figure 3 . BM_plain machined_R=0_Maddox [17] BM_plain machined_R=0_Gurney [16] BM_millscale_R=0_Gurney [16] BM_as rolled_R=0_Hübner [19] TBW_R=0.1_with backing strip_Puthli et al. [9] TBW_R=0.1_with sealing run_Puthli et al. [9] TBW_R=0_Demofonti et al. [14] Δσ mean;2*10 6
Plate Material Properties
In the current research the fatigue strength of plates with and without transverse butt welds made of Naxtra M70 (S690) and Weldox S1100E (S1100) is determined. Table 3 and Table 4 give the specifications of the plate material. Thyssen Krupp S690 Weldox S1100 E SSAB S1100 Figure 4 shows the tensile test specimens and the position of the POD meters. Table 5 summarises the tensile test results compared to data from the material specifications. The S690 specimens have been plasma cut. The S1100 specimens have been tested in a plasma cut and water cut condition. Yield strength and tensile strength of the S690 specimens is consistent with the manufacturer data. The measured values of the S1100 specimens are 12% lower than expected for the yield strength and 25% for the tensile strength when compared to the material specifications. All tensile test specimens have been cut from the plates that were welded for the fatigue specimens, after welding. Differences in measured strength and manufacturer data may be due to the fabrication influence. The Youngs modulus derived from the tensile tests is used in stress calculations in the fatigue tests using Hooks law. 
Fatigue Test Procedure
During the force controlled fatigue tests the stress ratio is kept constant at a relatively low frequency. In the crack propagation phase tests of the small base material specimens runned displacement controlled. Table 6 summarises the fatigue test conditions. In general when determining the fatigue strength two phases can be distinguished: crack initiation and crack propagation. Until crack initiation, the first phase, mean strain and strain range data are stored. In case of crack growth near strain gauges this is immediately reflected in strain gauge data. Figure 5 shows the monitoring of crack initiation by strain gauge measurements. In the graph the strain range values of two strain gauges are mentioned, strain gauge 1, near which a crack has initiated, and strain gauge 2 on the back side. Absolute stress values differ because of misalignment present in the strip specimens as a result welding, which causes additional bending stresses. The number of cycles N i at which strain gauge data start to bend of the regular scheme, clearly visible in the graph, is in the current research defined as crack initiation. determination of crack length in specimen thickness direction, if not visible, the procedure of crack marking is used. During crack marking, about 10% cycles of the expected total number of cycles until failure, the upper fatigue loads are kept constant and the lower loads are increased to 90% of the upper loads. In this way boundary lines will occur, which makes it possible to determine the crack growth, when inspecting the fracture surface at the end of the experiment. Figure 6 shows the crack marking pattern on one of the S1100 base material specimens. In the current research the crack marking method only worked on the S1100 specimens with semi-elliptical (surface) cracks. Quarter-elliptical cracks initiating from the sides of the S690 base material specimens could not be made visible by crack marking.
In the current work the number of cycles, N f , until a crack reaches a length of 10 mm, is defined as failure of the test specimen. In most cases this means through thickness cracking, followed by unstable crack growth because of the small size of the test specimens, with plate thicknesses of 10 and 12 mm. 
Base Material Fatigue Specimens
The base material fatigue specimens have been water cut from initially welded steel plates, used for transverse butt weld specimens. After cutting, the specimens have been milled, resulting in a radius of 3 mm at the edges in order to prevent crack initiation from the side. At the middle the specimens have been instrumented with 4 strain gauges, see Figure 7 .
Crack initiation was likely to occur at the 10% tapered cross section near these strain gauges. Extra strain gauges at 80 mm from the middle were used to give insight in the misalignment in the test specimens causing strains during clamping into the test rig. Table 7 gives details on the base material fatigue specimens. 
Transverse Butt Weld Specimens
The geometry of the transverse butt weld specimens was chosen to meet the qualifications of a class 90 butt weld detail according to EN 1993-1-9 [12] in the as-welded condition. In total thirteen test specimens have been tested; six made of S690, seven made of S1100. Table 8 specifies the geometry of the transverse butt weld specimens and gives additional information on the weld parameters. Edges of the specimens are flame cut and ground afterwards. The X-weld shape is clearly indicated in Figure 8 , which also shows Vickers Hardness test results measured at 2 mm below te surface. In the region of the heat affected zone of the S690 cross section a local hardness drop is found, whereas in the fusion zone of the S1100 specimens lower HV10 values are found, indicating the undermatched weld metal. 10 show the geometry and instrumentation of the S690 transverse butt weld specimens. In general the dimensions of the S690 specimens are identical to the S1100 specimens.
The width of the test specimens is taken ten times the thickness of the plate material. The edges of the welded plates have been ground in order to reduce the chance of crack initiation at these edges. Each specimen contains strain gauges (FLA-6-11) on both sides, at 8 mm from the weld toe to measure the strain distribution in plate width direction. Some of the specimens have been instrumented with special strain gauges (FXV-1-11-002LE) for the determination of stress concentration near the weld toe. Figure 10 shows transverse butt weld specimens with extra strain gauges on the plate length for the determination of misalignment.
Figure 10. Transverse Butt Weld Fatigue Specimens
In order to check the strain distribution in the plate length direction the specimens have been statically loaded up to stress levels of 30% of the yield strength. Figure 11 shows the longitudinal stress pattern for various applied forces at six strain gauge positions. The measured values are the average tensile stresses at the top of the specimens near the weld, at 100 mm and 200 mm from the weld and at the middle of the plate. Non-linear behaviour of the stresses in longitudinal direction can be explained as follows. Due to shrinkage after welding the test specimens are all bent along the axis of the weld. This causes a non-linear behaviour of the stresses as a result of increasing the tensile load when the specimens are clamped in the test rig. At high stress levels the test rig straightens the test specimens.
Hobbacher [21] gives calculation rules, Eq. 1, Eq. 2 and Eq. 3, for a stress magnification factor, k m , in case of misalignment in transverse butt welded plates. Figure 13 illustrates the geometrical parameters used in these formulas. Figure 12 . Misalignment Parameters After Hobbacher [21] The formula also shows the influence of the nominal stress level σ m on the misalignment factor. At high stress levels the effect of secondary bending stresses is large compared to low stress levels.
Measured stress values at 4 mm from the weld toe are compared to calculated stress values σ according to Eq. 3. The stress measurements of both the S690 and the S1100 welds are in good correspondence with the calculated results. Table 9 summarizes local geometry details of all fatigue tested specimens. The table gives minimum values of weld width B, measured and calculated values of the excess of weld metal h (see Figure 13 ) and the misalignment parameter y (see Figure 12 ). prEN 1090-2 [13] limits the excess of weld metal at transverse butt welds quality C according to EN-ISO 5817 [22] , see Eq. 4 and Figure 13 . Figure 13 . Weld Metal Excess According to EN-ISO 5817 [22] In test specimen FA2 made of S690, for which code prEN 1090-2 [13] is valid, and in all specimens made of S1100 the weld metal excess value has been exceeded. The yield and tensile strength of the weld material are lower than the plate material strength of S1100. Therefore the undermatched S1100 welds have been made thicker than allowed according to prEN 1090-2 [13] . 
FATIGUE TEST RESULTS
The current chapter presents crack growth data and S-N curves as a result from fatigue tests.
Fatigue Tests Base Materials
At all S690 specimens cracks initiated from the taper location, where the average stress level was 10% higher than in the cross section out of the tapered part. In the S1100 specimens, 10% tapered as well, cracks initiated at the cross section outside the taper location. Crack growth in plate thickness direction of both S690 and S1100 base material specimens is illustrated by Figure 14 . Most of the cracks in the S690 specimens initiated form the edges at the tapered cross section. At the S1100 specimens cracks initiated at the surface, outside of the tapered cross section. In only few S690 specimens crack propagation could be monitored properly, because the crack marking method gave no visible crack boundary lines of the fracture surface. Next to that the N f is very close to the N i at various stress levels, which indicates rapid crack growth after crack initiation.
According to Hobbacher [21] the characteristic stress range values at 2 million cycles, Δσ c , are calculated for a 95% survival probability on a two-sided confidence level of 75% of the mean, based on Eq. 5. The number of test pieces is small; therefore the value of k is set to 3, which is a safe approximation. In Table 10 The scatter in the S690 and S1100 results is relatively small. The calculated Δσ c level of the S690 specimens is 391 MPa, which is much higher than the S1100 value of 317 MPa, while initially a higher value for the S1100 specimens was expected. Surface roughness influence could be the cause for the different crack initiation locations.
The surface at the tapered cross section has been ground for application of strain gauges. In the locations outside of the tapered cross section, except from the edges, the as-rolled condition applies for the surface condition, having a higher surface roughness. Apparently the S1100 material is more sensitive to this higher surface roughness, causing earlier crack growth at locations with higher surface roughness at a relatively lower stress level. Figure 16 shows the crack propagation in the plate thickness direction of S690 and S1100 specimens, tested at various stress levels. Except from the FA4 specimen of S690 in all specimens cracks have initiated from the plate edges near the weld toe. In the FA4 specimen cracks occurred at multiple locations, also at the surface near the weld toe.
Fatigue Tests Transverse Butt Welds
In two specimens no cracks have occurred at high number of cycles; in one of the S690 specimens at a stress range of 110 MPa and in one of the S1100 specimens at a stress range of 200 MPa. At similar stress range level a comparison of crack growth behaviour between S690 and S1100 specimens can be made, for instance when looking at specimens FA5 (S690) and FB5 (S1100), loaded up to a comparable stress range level. The crack initiation phase of FB5 compared to FA5 is relatively long, while the crack propagation is relatively short, see Figure 16 . Figure 16 . Crack Growth of Transverse Butt Weld Specimens
As for the base materials, the fatigue data of the transverse butt welds is evaluated according to Hobbacher [21] . Based on Eq. 5, the characteristic stress range values at 2 million cycles, Δσ c , are calculated for a 95% survival probability on a two-sided confidence level of 75% of the mean. The value of the k is set to 3, which again is a safe approximation because of the relatively low amount of test specimens. In Table 11 the fatigue results of the transverse butt weld specimens are listed. Figure 17 shows the results of the transverse butt weld fatigue tests, presented in an S-N curve. The calculated Δσ c of the S690 specimens is 92 MPa, which is in good correspondence with a high quality butt weld of regular steel, equal to class 90 of EN 1993-1-9 [12] but is lower than Δσ c according to class 140 of NPR CEN/TS 13001-3-1 [3] . The slope value m of the S-N line of 2.8 is lower than the slope value of 3 according to both codes.
The results of the S1100 material show a fatigue behaviour different from the S690 material. The slope m of 5.7 is higher than the value of 2.8 of the S690 specimens, which is consistent with research results of Puthli et al. [9] . The calculated Δσ c level of the S1100 specimens is 180 MPa, which is also much higher than the S690 value. 
CONCLUSIONS
When applying S1100 in civil engineering structures it should be noticed that high fabrication quality is essential for obtaining the expected yield and tensile strengths. Especially S1100 material is very sensitive to thermal influence and surface condition.
The current research gives experimental results on the fatigue strength of plates with and without transverse butt welds. As EN 1993-1-12 [2] makes EN 1993-1-9 [12] applicable to steels up to yield strength of 700 MPa, the experimental data of the S690 specimens could be compared to this code. The characteristic fatigue strength of the S690 specimens lays well above the presented value of EN 1993-1-9 [12] , mainly because of higher slope value in the S-N curve. The tests on as-rolled VHSS specimens show a relatively higher fatigue strength of S690 specimens in relation to the S1100 specimens. Cracks of S1100 specimens initiated outside the 10% tapered cross section, whereas the cracks of the S690 specimens initiated from the edges at the tapered cross section. Therefore the lower fatigue strength of the S1100 specimens is probably due to the surface roughness influence.
From experimental data of VHSS transverse butt weld specimens can be concluded that specimens made of S1100 have a higher characteristic fatigue strength than specimens made of S690, mainly because of a higher slope in the S-N curve. The characteristic fatigue strength of the S690 specimens was very close to the value of EN1993-1-9 [12] class 90.
Crack growth is monitored visually. Because of the low amount of crack propagation data of the base material specimens a comparison of crack growth between S690 and S1100 could not be made.
The crack growth data of transverse butt weld specimens show, while the crack initiation phase is very long, crack propagation of the S1100 specimens is relatively short compared to the S690 specimens. For future design recommendations making effective use of VHSS in fatigue loaded structures it will be necessary to optimise the geometrical conditions of structural details, using joints with a relatively high detail classification and low stress concentration. Optimal conditions could be reached by applying cast steel joints in combination with VHSS, resulting in joints with low stress concentration, while shifting the weld out of the most severe stress location.
